Polypyrrole (PPy) microwires synthesized via template assisted chemical polymerization method were investigated as gas sensors for ammonia (NH3) and hydrogen sulphide (H2S) toxic gases. The sensor was fabricated by a facile technique in which polypyrrole microwires were packed between a pair of indium tin oxide (ITO) coated glass slides acting as electrodes. Electrical conductivity of sensor, containing polypyrrole microwires, was examined with the exposure of the toxic gases at room temperature. It was observed that microwires detect the presence of toxic gases in terms of change in electrical conductivity. These microwires can be used as selective toxic gas sensor because conductivity decreases in the presence of NH3 gas and increases in the case of H2S gas. In both the cases, the change in conductivity was found to be reversible and a drift in recovery from the original value of electrical resistance (conductivity) was also observed on the removal of toxic gas environment. This happens as a consequence of the formation of hydronium ion because of the moisture present in the ambient air.
Introduction
Discovery of the first conducting polymer, polyacetylene in 1977, stimulated investigations on the synthesis and applications of conducting polymers at an unexpected rate leading to growth of this field (Pan et al., 2010; Zhang et al., 2008 , Lee et. al, 2006 Heeger, 2001; MacDiarmid, 2001; Shirakawa, 2001; Vernitskaya and Efimov, 1997; Heeger 1985; Shirakawa et al., 1977) . In recent years, conducting polymers have been studied intensively for a wide number of technologicaloriented applications such as biosensing, electromagnetic shielding, energy storage, opto-electronics devices, gas sensors and actuators/artificial muscles (Lassalle et al., 2001; Malhotra et al., 1986; Adhikari and Majumdar, 2004; Gerard et al., 2002; Jun et al., 2003; De Melo et al., 2005 , Paul et al., 2003 Virji et al., 2004; Haung et al., 2003; Alici et al., 2008; Hui et al., 2009; Baker et al., 2008; Spinks et al., 2006; Wu et al., 2006) . Conducting polymers have electrical and optical properties which are similar to inorganic semiconductors or sometimes metals. Consequently, conducting polymers are suitable to fabricate versatile chemical and biological sensors as they have high sensitivities and short response time even at room temperature (Bai and Shi, 2007) . Particularly, the application of conducting polymers as gas sensing material is catching the attention of investigators due to their high sensitivity in terms of change in electrical conductivity/resistivity when exposed to different types of gases (Pawar et al., 2009 , Waghuley, 2011 . There are several important factors, such as sensitivity, selectivity, surface to volume ratio and stability, which are required to be investigated further for the development of versatile conducting polymer-based sensors for various applications.
Among conducting polymers, PPy is most extensively studied because pyrrole (monomer) is water soluble and can easily be oxidized. Pyrrole is commercially available and possesses good environmental stability and redox properties. The PPy can be synthesized either chemically or electro-chemically (Pan et al., 2010; Ansari, 2006; Vernitskaya and Efimov, 1997) and its molecular chain structure can be modified conveniently by copolymerization or structural derivatives (Park et al., 2014) . Electrochemical method is complex and expensive, so it is not apt for mass production, whereas chemical method is simple and inexpensive, thus advantageous for mass production in industry. Bulk quantity of PPy can be achieved in the form of fine powder via oxidative polymerization of monomer by selecting transition metal ions in water or various other solvents and its conductivity depends on the reaction conditions and reagents used in the oxidation. With the advancement of nanotechnology, synthesis of low dimensional structures of conducting polymers is an emerging subfield of the polymeric electronics arena for the development of various sensors (Thapa et al., 2009) .
A variety of toxic gases that can be harmful to human society have been found from the nature for example Ammonia (NH3) and Hydrogen sulphide (H2S). The sensors and their performance have become increasingly important to detect these toxic gases for monitoring and protection of environment and human health, because even small concentration of these gases can be fatal (Shirsat et al, 2009; Park et al., 2014; Vernitskaya and Efimov, 1997) . Ammonia is a poisonous colourless gas with a pungent and suffocating smell, recognized as one of the primary irritants to the human body. In ammonia gas sensing, the most important issue of the concern is that even its small dose becomes fatal. As defined by Occupational Safety and Health Administration, USA (Park et al., 2014 ), a 15 minutes exposure limit for NH3 gas of 35 ppm by volume in the ambient air can create fatalities. H2S produced from industrial processes is another highly toxic and corrosive gas, and its low concentrations above 250 ppm can lead to death (Shirsat et al, 2009; Virji et al., 2005) . It is generated when the sewage becomes stagnant or septic for a longer time. This gas has adverse effects on the environment by causing acidification of rivers and lakes, destroying fish stocks and flora which result in release of metals from pipes and earth.
Many researchers have investigated conductive polymer, including PPy, for gas sensing applications due to advantages of low cost, easy fabrication on various substrates, high sensitivity, short response time, good mechanical properties and room temperature operation (Nath and Contractor, Ravish Garg, Vijay Kumar, Dinesh Kumar, and S.K. Chakarvarti / Journal of Sensors and Instrumentation (2015) Vol. 3 No. 1 pp. 1-13 3 2004; Selampenar et al., 1996; Liu et al., 1997 , Matsuguchi et al., 2001 Waghuley, 2011) . According to reports available in the literature, PPy material is sensitive and exhibits significant reversible change in the conductivity when exposed to various gases (Bai and Shi, 2007; Ameer and Adeloju, 2005) such as ammonia, hydrogen sulphide, ethanol etc. The efficiency of a sensor basically depends on its interaction with the analyte in a way to provide reasonable sensitivity and fast response time. To improve the sensor performance, a better approach is to form the array of micro/nanostructures of the sensing material causing an increase in the electroactive surface area which facilitates an easier diffusion of the analyte (Yoon and Jang, 2009; Yoon, 2013; Lu et al., 2011; Ahuja and Kumar, 2009 ). Therefore, with this motivation in the present work, authors had synthesized PPy microwires via chemical polymerization technique using Track Etch Membrane (TEM) as template and investigated their use as gas sensor at room temperature. The PPy microwires were exposed to ammonia gas and hydrogen sulphide, and sensing behavior was observed in terms of change in electrical resistivity/conductivity using two-probe technique.
Experimental Details
PPy microwires were synthesized via template assisted chemical polymerization using TEM as template which is explained by authors somewhere else in earlier publication (Garg et al., 2014) . In this technique, the template was sandwiched between two chambers in a chemical cell in such a way that the template acted as a separating wall between the two chambers. One chamber was filled with an aqueous monomer pyrrole solution and other was filled with oxidant reagent of ferric chloride. Chemical polymerization takes place within the pores of the template as the monomer and the oxidant reagent diffuse towards each other and yields array of aligned-ordered PPy microwires of determined morphology due to confined directional growth within pores Synthesized PPy microwires were exposed to the NH3 vapors generated from liquid NH3 and H2S gas generated from Kipp's apparatus at room temperature in indigenously developed gas chamber with concentration 200 ppm to study the sensing behavior. For the preparation of the sensor using PPy microwires sensing elements, a piece (size 10 mm X 10 mm) of prepared sample of TEM impregnated with PPy microwires was pasted on the conductive side of indium tin oxide (ITO) coated glass slide (size 10 mm X 20 mm), working as one of the electrodes in two probe method. After that, the matrix of host material (polycarbonate) of impregnated TEM was dissolved and removed by pouring the dichloromethane drop by drop for about 20 minutes on the sample that was dried out finally. The Fig. 1 illustrates the Scanning Electron Microscopy (SEM) image of released solid cylindrical PPy microwires, from the matrix of host material of polycarbonate TEM, with average diameter and length 1.6 um and 20 um respectively corresponding to the dimensions of pores within TEM. The density of microwires is equal to pore-density which is nearly same as of flux density (10 6 ions/m 2 ) of irradiated ion beam for the formation of latent tracks during the fabrication of TEMs (Garg et al., 2014) . After that, another slide of ITO conducting glass of the same size was placed on the first slide shifted by 10 mm to have the space on the conducting side of both glass slides for electrical contacts. The sensor, containing PPy microwires sandwiched between glass slides, was hold in a small clamper as shown in image of actual assembly in Fig. 2 . The experimental setup, for measuring the change in resistance of the sensor (PPy microwires) with the exposure of gas, is shown schematically in the Fig. 3 . To check the sensitivity, the prepared sensor was kept in the glass chamber having removable lid and the gas injected into the glass chamber via inlet and concentration of 200 ppm was achieved. The sensor was initially exposed to gas and I-V Ravish Garg, Vijay Kumar, Dinesh Kumar, and S.K. Chakarvarti / Journal of Sensors and Instrumentation (2015) Vol. 3 No. 1 pp. 1-13 4 characteristics were measured at regular intervals of time using Keithley 2400 Series Source Measurement Unit via two probe method by stepping the voltage in the range 0 to 10 Volts. Later, inlet of glass chamber was closed and the lid was removed to expose the transducer with air. Again the I-V characteristics were measured with time and change in electrical resistance was estimated. 
Results and Discussion
Change in resistance (conductivity) was observed on the interaction of PPy microwires with ammonia/hydrogen sulphide gas and recovery of the original state back on the exposure to air was also witnessed. The whole process of reversible reactions may be represented by the following plausible mechanism. 
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Fig. 10. Recovery transient of resistance of PPy microwires after interaction with H2S gas
On exposure to ammonia (NH3), the protonated PPy is converted into free PPy due to redox reaction, thereby decreasing the conductivity and hence increase in resistance of microwires sensor was observed. Nitrogen atom of the ammonia makes a coordinate bonding with the free atomic orbital of the dopant proton (H + ). This leads to the deprotonation of PPy nitrogen atoms which facilitates the decrease in charge carriers resulting increase of electrical resistance (Kharat et al., 2007 , Yadong et al., 2000 Gustafsson et al., 1989; Guernion et al., 2002) . On the contrary, a decrease in resistance of PPy microwires was observed when it was exposed to the vapours of weak acid hydrogen sulphide (H2S). This may be due transfer of proton from acidic gas to PPy resulting in increase of doping level of the polymer backbone and hence, increase in conductivity and decrease in electrical resistance of microwires was achieved (Waghuley, 2011; Krivan et al., 2000; Ameer and Adeloju, 2005) .
Reverse process takes place on exposure to air and removing the ammonia environment. Ammonium ion (NH4 + ) decomposes into ammonia gaining protons from PPy which leads to recoup the initial state of PPy, thereby decreasing the resistivity back (Kharat et al., 2007) . In case of removal of hydrogen sulphide environment, the H2S becomes free from doping of PPy backbone, thus reverts back to the prior state of PPy by increasing the resistance (Krivan et al., 2000) . This mechanism supports functioning of PPy microwires as gas sensor. The electrical resistance was found to attain saturation and change in resistance became almost zero with the time in the presence and removal of gaseous environment as depicted in Figs. 5 to 8. In both the cases, a drift in recovery from the original value of electrical resistance (conductivity) was observed as illustrated in Figs. 9 and 10 because of the formation of hydronium ion takes place due to presence of moisture in the ambient air.
Conclusion
The experimental results corroborate that PPy microwires exhibit significant reversible sensing response to the presence of NH3 and H2S gases in terms of change in conductivity. PPy microwires may become attractive material for gas sensing in many industrial and environmental applications because of its low cost, ease of production and ease with which their properties can be modified by adding substituents and derivatives to the monomer during synthesis. However, more research is still needed to improve the sensitivity, selectivity and reusability of PPy microwires as gas sensing material to play significant roles in the area of sensors in future.
